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Regulation of Phospholipase C—y1 by Profilin and

Tyrosine Phosphorylation

PAscAL J. GOLDSCHMIDT-CLERMONT, JAE WON KIM,
LAURA M. MACHESKY, SUE GOO RHEE, THOMAS D. POLLARD

Epidermal growth factor and platelet-derived growth factor can stimulate the produc-
tion of the second messenger inositol trisphosphate in responsive cells, but the
biochemical pathway for these signaling events has been uncertain because the
reactions have not been reconstituted with purified molecules in vitro. A reconstitution
is described that requires not only the growth factor, its receptor with tyrosine kinase
activity, and the soluble phospholipase C—y1, but also the small soluble actin-binding
protein profilin. Profilin binds to the substrate phosphatidylinositol 4,5-bisphosphate
andmhlbltsmhydrolymbyunphosphorylawdpbosphohpuec-'yl Phosphorylation
of phospholipase C—yl by the epidermal growth factor receptor tyrosine kinase
overcomes the inhibitory effect of profilin and results in an effective activation of

phospholipase C—y1.

ELL GROWTH REQUIRES THE COOR-

dinated regulation of multiple bio-

chemical systems including those
leading to DNA synthesis and the reorgani-
zation of the cytoskeleton. It is remarkable
that the whole process can be initiated by
the binding of an extracellular factor such as
epidermal growth factor (EGF) or platelet
derived-growth factor (PDGF) to a single
class of membrane receptors. How these
receptors are coupled to the biochemical
processes they induce is not well under-
stood. For example, it is not clear how
binding of EGF to its receptor is coupled to
the production of the second messengers
inositol trisphosphate (IP;) and diacylglyc-
erol (DAG).

The EGF receptor (EGFR) is a trans-
membrane protein with an EGF binding site
outside the cell and a tyrosine kinase catalyt-
ic domain inside the plasma membrane (1).
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Upon binding EGF, the receptor dimerizes
and phosphorylates tyrosine residues on it-
self and on several effector proteins likely to
participate in signal transduction (1, 2).
Some effector proteins also become physi-
cally associated with the receptor (1, 2). One
such effector is phosphatidylinositide (PI)-

Fig. 1. Phosphorylation of
PLC-yl by the EGF receptor. 200

>

specific phospholipase C—yl (PLC-yl), a
soluble enzyme in quiescent cells (3, 4). This
enzyme catalyzes the hydrolysis phosphati-
dylinositol 4,5-bisphosphate (PIP,) to pro-
duce IP; and DAG (5). In some cells, EGF
and PDGF stimulate the phosphorylation of
PLC-v1 on tyrosine, the binding of PLC-y1
to the EGFR or to the PDGF receptor
(PDGEFR), and the production of IP; (3).

The biochemical connections among
these events are not well understood. Most
studies have shown that the catalytic activity
of purified PLC-y1 is not altered by tyrosine
phosphorylation (6). However, in one study
PLC-y1 was activated when phosphorylated
on tyrosine by the EGF receptor; in this case
immunoprecipitated PLC-y1 was used and
the substrate consisted of PIP, in mixed
micelles with two detergents (7).

The role of profilin, a cytoplasmic actin
binding protein, in the PI signaling pathway
has been equally mysterious. Profilin from
human platelets binds four to five molecules
of PIP, or phosphatidylinositol 4-mono-
phosphate with relatively high affinity but
does not bind other lipids (8, 9). Binding of

(A) Time course of phosphory-
laton by EGFR of PLC-yl
(O), or of itself in the absence of
PLC-y1 (A). Control samples
contained PLC-yl but no
EGFR (0O). The phosphoryla-
tion reaction was initiated by
addition of ATP. At indicated
time points, a 5-pl portion of
the reaction mixture was re-
moved and analyzed for phos-

in content (6). (B)
Analysls by SDS—polyacrylam- 0 10
ide gel electrophoresis (6%
gels) and autoradiography of

o
o

32p |ncorporated (103 cpm)
3 8

Coomassie stain : Autoradiogram

kD 3 <‘;.'>- ¥ x 3- 3- x x

puiEE & ZrEE
200—
116—
97.4—

20 ag 66.2—

Time (min)

the protein and phosphoprotein content of the reaction mixtures. The lanes contain 30 i of cach
reaction mixture, collected 30 min after the initiation of the phosphorylation reaction. Molecular mass
markcts (in kilodaltons) arc indicated. Phosphorylation was performed at 22°C in 60 i of a solution

con 20 mM Hepes,

pH 7.4, 25 mM MgCl,, 4 mM MnCl,, 0.1 mM Na,VO,, 100 ng of EGF,

and 10 pM [y-*?P]ATP (1.5 Ci/mmol), in the presence of 5 pg of PLC-y1 and 20 ng of lectin-purified
EGEFR (6, 19). This experiment is representative of three experiments performed with EGFR and four
performed with truncated recombinant EGFR (20 ng) corresponding to the cytoplasmic

experiments
tyrosine kinase domain (13).
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profilin to these lipids inhibits the interac-
tion between profilin and actin (10, 11). In
addition, binding of profilin to PIP, inhibits
the hydrolysis of PIP, by soluble PLCs (8,
9). Given the high concentration of profilin
in cells, it has not been clear how the PLCs
gain access to their substrates.

We have now reconstituted EGF-regulat-
ed production of IP; with purified proteins
and synthetic membranes. The previously
unrecognized feature is that the binding of
profilin to the substrate PIP, inhibits un-
phosphorylated but not phosphorylated
PLC-yl. Consequently, activation of the
EGEFR tyrosine kinase can increase the pro-
duction of IP; by phosphorylating PLC-y1.
We hypothesize that the same mechanism
may control the production of IP; and DAG
in live cells.

The activated EGFR phosphorylated, on
average, one tyrosine residue per PLC-yl
molecule in 15 min (Fig. 1). This reaction
required EGF, EGFR, and adenosine tri-
phosphate (ATP) and reached a plateau after
15 min of incubation (Fig. 1) (6, 12).
Profilin was not phosphorylated by the
EGFR under these conditions.

In the absence of profilin, phosphoryla-
tion of PLC-y1 had only a small effect on its
activity when tested with the substrate PIP,
in a phospholipid bilayer (Fig. 2A) (6).
However, in the presence of profilin, the
activity of PLC-y1 was dependent on phos-
phorylation (Fig. 2). Inhibition of unphos-
phorylated PLC-y1 depended on the con-
centration of profilin (Fig. 2B). If PIP,
bound to profilin is not available as a sub-

strate for unphosphorylated PLC-v1, the de-
pendence of the activity of unphosphorylated
PLC-v1 on the concentration of profilin can
be predicted from the established affinity and
stoichiometry of profilin binding to PIP, (8,
9) (Fig. 2). Phosphorylated PLC-y1 was ac-
tually activated slightly (Fig. 2B) by physio-
logical concentrations of profilin (~50 uM)
(11). Experiments with a highly purified trun-
cated form of the EGFR (13) consisting of
only the receptor tyrosine kinase (RTK) cy-
toplasmic domain gave similar results. It
phosphorylated the same sites on PLC-yl
(14), and this phosphorylated enzyme was
not inhibited by profilin (Fig. 2B).

It is not yet clear how tyrosine phosphor-
ylation of PLC-yl might allow the enzyme
to overcome the inhibitory effect of profilin
bound to its substrate PIP,, but the inability
of profilin to inhibit IP; production by
PLC-B (Fig. 3) provides some clues. PLC-B
and PLC-y1 have similar substrate specific-
ities, but they have different subcellular dis-
tributions. Whereas most of the PLC-y1 is
in the cytoplasm of resting cells, ~80% of
the PLC-B is associated with the particulate
fractions (14, 15). Analysis of the amino acid
sequence of PLC-B failed to demonstrate
the presence of a membrane spanning do-
main. Post-translational modification of the
enzyme 1is likely to be responsible for its
cellular localization (4). It is possible that
the association of PLC-B with membranes is
responsible for the insensitivity of the en-
zyme to inhibition by profilin.

In cells, phosphorylation of PLC-y1 by
RTK is accompanied by a shift from the

Fig. 2. Effect of profilin and 500

. . . A p B
tyrosine kinase phosphorylation gs< 4o 8 o @ o
of PLC-y1 on the hydrolysis of 400 28 120k E o® o o o B
PIP,. Samples of PLC-yl were R ,/rEI.E— o “
phosphorylated by incubation o | S0 0 .
with EGF-activated EGFR (A) - | ZBaf\ 0 "
or RTK (B) for 15 min (Fig. 1) 3 el oo
before phospholipase activity =< Al
was measured. Unphosphoryl- ar \é\gﬁ\é
ated controls were obtained by - 20 —
omitting either ATP or the tyro- . 0 R S S
sine kinase (EGFR or RTK) 0 10 20 30 0 10 20 30 40 50 60 70

from the incubation. PLC-y1 ac-
tivity (20) was measured at

Time (min)

Profilin (uM)

22°C in 100 pl of a solution containing 5 mM tris, pH 7.0, 75 mM KCl, 0.5 mM dithiothreitol, 0.4 mM
EGTA, 0.2 mM CaCl,, 0.1 mM NaNj, a 1:20 dilution of the phosphorylation reaction (30 nM PLC-y1,
final concentration), and variable concentrations of profilin (19). (A) Time course of IP; production from
large unilamellar vesicles (21) composed of 20 pM [*H]PIP, (0.1 Ci/mol), 100 pM phosphatidyletha-
nolamine (PE), and 50 uM phosphatidylserine (PS) without or with profilin (36 wM). The specific activity
of unphosphorylated PLC-yl was 21.9 * 4.1 nmol min™' mg™! (mean * SD of four separate
experiments, each performed in duplicate) in the absence of profilin; and 3.8 + 2.0 nmol min~! mg~! in
the presence of profilin, the specific activity of phosphorylated PLC-y1 was 34.7 * 5.3 nmol min~! mg™!
in the absence of profilin; and 33.2 + 8.0 nmol min~! mg " in the presence of profilin. (B) Dependence
of the production of IP; from large unilamellar vesicles of [25 pM [*H]PIP, (0.1 Ci/mol), 100 uM PE,
50 uM PS, and 100 pM phosphatidylcholine (PC)] on the concentration of profilin during a 5-min
incubation. PLC-y1 was first incubated with RTK and ATP (O), ATP but no RTK (O), or RTK but no
ATP (A). The two theoretical curves were based on the following assumptions: profilin binds to PIP,
pentamers with a dissociation constant (K) of 3 pM (8, 9); PIP, bound to profilin is not available as a
substrate for hydrolysis by unphosphorylated PLC-y1; unphosphorylated PLC-yl has a Michaelis
constant (K,,) of 1.25 uM for free PIP,; the V,,,,, for PIP, hydrolysis by phosphorylated PLC-y1 is 25%

higher for PIP, bound to profilin than for free PIP,.
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soluble fraction to an insoluble fraction con-
taining membranes (16), and such an asso-
ciation of phosphorylated PLC-yl with
membranes might relieve the inhibitory ef-
fects of profilin. One way that phosphoryl-
ated PLC-yl might associate with mem-
branes is to bind to the EGF receptor (1-3).
This is unlikely to account for our results
since the receptor was present only in cata-
lytic concentrations (Fig. 1), and the trun-
cated RTK is unlikely to associate with
membranes. Alternatively, phosphorylated
PLC-y1 might simply have a higher affinity
for PIP, that has not been detected in
previous assays with pure lipid substrates
(6), or it might interact in some way with
other phospholipids, with other PLC-yl
molecules, or with profilin.

We propose that profilin may be part of
the mechanism coupling the binding of
EGF (and possibly PDGF) to its receptor to
the production of IP;. Prior to activation,
profilin inhibits soluble PLC-y1 by binding
to its substrate PIP,. Activation of the re-
ceptor by EGF results in the phosphoryla-
tion of PLC-y1 which is then enzymatically
active even in the presence of profilin.

The proposed signaling mechanism in-
cluding profilin may explain some of the
effects of EGF and PDGF, but other mech-
anisms must couple the binding of growth
factors to their receptors with the full range
of responses required for mitogenesis (1, 2,
17). For example, in NIH 3T3 cells trans-
fected with PLC-y1 (18), the basal rate of PI
turnover was similar to that of control NITH
3T3 cells, suggesting that the overexpressed

140 o

" .MWM

120 |-

Activity (%)

1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Profilin (uM)

Fig. 3. Comparison of the effect of profilin on
PLC-yl and PLC-B activity. Assays were con-
ducted using PLC-B (O) or PLC-yl (O) (4
pg/ml) for 5 min at 22°C in buffer (5 mM tris, pH
7.0, 75 mM KCl, 25 uM CaCl,, 0.5 mM dithio-
threitol, 0.1 mM NaNj). The substrate consisted
of large unilamellar vesicles of 30 pM [*H]PIP,
(0.1 Ci/mol), 50 uM PC and 50 uM PE. Open
and solid symbols represent two separate experi-
ments. The specific activities in the absence of
profilin were 46.5 nmol min~! mg~! for PLC-y1
and 37.8 nmol min™' mg~! for PLC-B. The
theoretical curves were calculated by assuming
that profilin binds to PIP, pentamers with a K of
3 uM, that PLC-yl hydrolyzes only free PIP,,
and that PLC-B hydrolyzes PIP, bound to profi-
lin 25% faster than free PIP,.
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PLC-y1 was inhibited by a factor present in
these cells (possibly profilin). In response to
PDGEF, tyrosine phosphorylation of overex-
pressed PLC-y1 was associated with a high-
er rate of PI turnover than that observed in
untransfected NIH 3T3 cells. However, nei-
ther the transient increase in concentration
of cytoplasmic Ca®>* nor the rate of synthesis
of DNA was affected. One interpretation is
that activation of PLC-yl might control a
pathway independent of that leading to the
synthesis of DNA (17, 18), such as the
pathway responsible for the reorganization
of the cytoskeleton. Profilin released from
membranes after hydrolysis of PIP, by acti-
vated PLC-yl could participate in such a
response.
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Enhanced Motility in NIH 3T3 Fibroblasts That

Overexpress Gelsolin

C. Casey CUNNINGHAM, THOMAS P. STOSSEL, DAVID J. KWIATKOWSKI

Increasing the content of the actin-binding protein gelsolin in cultured mouse
fibroblasts by up to 125 percent by gene transfection proportionally enhanced the rate
at which the cells migrated through porous filters toward a gradient of serum and
closed a wound made on a confluent monolayer of cells in a tissue culture dish. These
results provide direct evidence that gelsolin, which promotes both actin assembly and
disassembly in vitro, is an important element in fibroblast locomotion and demonstrate
that the manipulation of intracellular machinery can increase cell motility.

UKARYOTIC CELL LOCOMOTION DE-

pends on the assembly and disassem-

bly of actin polymers (1), a process
regulated by actin-binding proteins (2). One
such protein implicated in the control of this
actin assembly cycle is gelsolin, because it
can affect either actin assembly or disassem-
bly and because calcium and polyphospho-
inositides, which are intracellular signals,
control its interactions with monomeric ac-
tin and filamentous actin (F-actin) in vitro.
In the presence of micromolar Ca®>*, gelso-
lin promotes the rapid disassembly of F-ac-
tin by severing actin filaments, after which it
remains tightly bound to the ends of the
fragmented filaments (3). Membrane poly-
phosphoinositides,  phosphatidylinositol
4-phosphate (PIP) or phosphatidylinositol
4,5,-bis-phosphate (PIP,), dissociate gelso-
lin bound to the ends of F-actin, thereby
generating free filament ends that act as
nuclei for rapid assembly of monomeric
actin into filaments (4). Actin filaments with
ends blocked by gelsolin are therefore po-
tentially key intermediates for eliciting actin
assembly at locations where perturbation of
cell surface receptors causes appropriate
changes in polyphosphoinositide concentra-
tions, conformations, or both. The dissocia-
tion of gelsolin-actin complexes precedes net

Hematology-Oncology Unit, Massachusetts General
Hospital, Building 149, 13th Street, Boston, MA 02129.

actin assembly in agonist-stimulated cells
(5), and gelsolin molecules, bound to short
actin filaments, have been seen in electron
micrographs of cell membranes (6), provid-
ing indirect evidence that gelsolin-capped
actin oligomers may serve as nuclei to pro-
mote actin polymerization at the cell’s edge. -

In a cell stimulated by chemotactic agents,
actin disassembly and assembly increase,
which accelerates reorganization of the cy-
toskeleton required for the mechanics of cell
movement. If the reversible association of
gelsolin with actin regulated by calcium,
polyphosphoinositides, and possibly other
signals is important for the actin turnover
between assembled and disassembled states,
then it follows that the gelsolin concentra-
tion could be rate-limiting for this cycle.
Furthermore, if gelsolin couples the cycle to
locomotion through signals generated at the
membrane, cell translocation could be quan-
titatively related to cellular gelsolin content.
The observations we report here support
this hypothesis.

To examine gelsolin’s role in cell motility
directly, we permanently transfected NIH
3T3 fibroblasts with the cDNA for human
cytoplasmic gelsolin (7) in the B-actin pro-
moter-driven expression vector LK444 (8),
which confers resistance to G418 (9), and is
designated LKCG. Selection for G418 resis-
tance yielded a mixed population of cells
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